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The isoelectronic doping of dichalcogenolato nanoclusters of the type [Ag21{E2P(OR)2}12]
+
 (E = S, Se) by any heteroatom 

belonging to groups 9-12 is systematically investigated by DFT calculations. Although they can differ in their global structure, 

all these species have the same M@M12 centered icosahedral core. In any case, the different structure-types are found to be 

very close in energy. In all of them, three different alloying sites can be identified (central, icosahedral, peripheral) and 

calculations allow revealing the trends in the heteroatom site occupation preference across the group 9-12 family. These 

trends are supported by complementary experimental results. They are rationalized on the basis of electronegativity, 

potential involvement in the bonding of valence d-orbitals and atom size. TD-DFT calculations show that the effect of doping 

on the optical properties is sizable and therefore should stimulate experimentalists interested in modulating luminescence 

properties, both in the dithiolato and diseleno families of complexes.

Introduction 

During the last decades, ligand-protected atom-precise noble metal nanoclusters have remained the subject of an 

immense scientific interest, due to their stunning structural and bonding features, as well as their numerous 

chemical and physicochemical properties.1-25 A way of tuning the properties of an homometallic nanocluster is to 

“alloy” it by substituting one or several metal atoms with another metal from the same or a nearby column.18,19 

Fine control of properties upon alloying necessitates controlling the number and position(s) of the heterometal 

atom(s) in the nanocluster molecular framework. This is not always an easy task to realize experimentally, owing 

to the difficulties inherent to alloy characterization, such as separation of alloys of different compositions and/or 

of positional isomers, as well as crystal disorder. This is why density functional theory (DFT) modelization has 

been used as a complementary tool to help determining precise structure of alloys, and rationalizing their 

stabilities, peculiar electronic features and structure/properties relationships.6,25-40 So far, most of these 

theoretical investigations were devoted to thiolate-protected alloys of gold, or to a limited number of their silver-

equivalent alloyed homologues. With respect to silver alloys, the most comprehensive theoretical investigation 

was made by Aikens and coworkers on the doping of [Ag25(SR)18]
-, who found that group 10 atoms prefer central 

location, whereas the other positions become more preferable when doping with group 11-13 atoms.39 During 

the last years, some of us developed an original chemistry of silver nanoclusters protected by dichalcogenolate 

ligands of general formula [Ag21{E2P(OR)2}12]
+.41,42 (E = S, Se). Their originality comes from the distinctive nature of 

the dichalcogenolate ligands which differ from simple thiolates not only by their chelating nature but also by the 

fact they bear a different formal charge per coordinating atom (-1 for two chalcogens vs. -1 for one sulfur in the 

case of thiolates). As a result, dichalcogenolates stabilize species with nuclearities and compositions that are 

noticeably different from that of simple thiolates. Such compounds have no equivalent within gold nanocluster 

chemistry and their diseleno derivatives are the only examples of isolated Se-protected silver nanoclusters 

structurally characterized so far. They consist of a superatomic [Ag13]
5+ centered icosahedral core, protected by an 

outer passivating shell made of 12 dichalcogenolate ligands and 8 Ag(I) outer d10 metals. Isoelectronic alloys have 

also been already characterized, namely [{Au@Ag20}{Se2P(OEt)2}12]
+,41   [{Pt@Ag20}{S2P(OnPr)2}12],

43 

[{Pt@Ag20}{Se2P(OnPr)2}12],
44 [{Pt@Ag20}{Se2P(OiPr)2}12],

44 [{Pt@Ag20}{Se2P(CH2CH2Ph)2}12],
44 

[{Pd@Ag20}{S2P(OnPr)2}12],
45 [{Au@Ag20}{S2P(OiPr)2}12]

+,46  [Au@Ag20}{Se2P(OiPr)2}12]
+,47 

[{Au@Au2Ag18}{Se2P(OiPr)2}12]
+,47 [{Ag@Ag16Cu4}{S2P(OiPr)2}12]

+ 48 and [{Au@Ag16Cu4}{S2P(OiPr)2}12].
48 

Three structural types have been clearly shown to exist so far within this rather large family of homo- and 

heterometallic compounds (Figure 1), all of them having the same M13 centered icosahedral superatomic core, 
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but differing by the topology of their outer passivating shell made of 12 dichalcogenolate ligands and 8 d10 outer 

metals (Figure 2), which are distinctly different from the family of the [MAu24(SR)18]
-  and [MAg24(SR)18]

- 

monothiolato alloys.39 In this paper, we present a systematic and comprehensive theoretical investigation on the 

stability, structure and optical properties of such silver nanoclusters isoelectronically monosubstituted by a metal 

of group 9 (Co, Rh, Ir), 10 (Ni, Pd, Pt), 11 (Cu, Au) or 12 (Zn, Cd, Hg), together with some experimental X-ray and 

UV-vis results that support the computed results. All the investigated species are isoelectronic to their 

[Ag21{E2P(OR)2}12]
+ parent, i.e. are 8-electron superatoms1,2,13,23, 42,49,50 of configuration 1S2 1P6. 

 

Figure 1. Structurally characterized 8-electron [Ag21{E2P(OR)2}12]
+ (E = S, Se) clusters and their isoelectronic alloys. 

The ideal symmetries are those of the whole cluster, assuming that all the metal atoms are of the same nature.  

 

Figure 2. The octa-capped centered icosahedral metal frameworks ([M@M12][µ3-M8]) of the three structural types 

defined in Fig. 1. They differ only by the position of the eight face-capping outer d10 (eg. Ag(I)) atoms (in green). 

The positions of the twelve ligands (Fig. 1) ensue from that of these eight atoms. The specified T, C3 and C1 

symmetries are that of the whole cluster (with ligands), considered as homometallic. They correspond to the Th, 

D3 and C2 ideal symmetries for the naked M21 framework, respectively (see Fig. 1). 

Computational details 

DFT calculations were carried out with the Gaussian 16 package52 on the various isomers of models 

[MAg20(E2PH2)12]
q (E = S, Se; M = Co, Rh, Ir: q = -1; M = Ni, Pd, Pt:  q = 0; M = Cu, Ag, Au: q = +1; M = Zn, Cd, Hg: q = 

+2). The considered ligand simplification allows to save a huge amount of CPU time. On the other hand, its validity 

has been proven in many occasions.41-48,52 The BP86 functional53,54 was used together with the general triple-ζ 

polarized Def2-TZVP basis set from EMSL Basis Set Exchange Library,55,56 in conjunction with effective core 

potentials (ECP’s) for the eight heavier elements, thus permitting to somewhat account for scalar relativistic 

effects. All the optimized geometries were ascertained as true minima on the potential energy surface by carrying 

out vibrational frequency calculations. All the investigated species were found to have a singlet ground state. The 

natural atomic orbital (NAO) charges were computed with the NBO 6.0 program on single-point calculations at 

the same level of theory.57 The UV-visible transitions were calculated on the above-mentioned optimized 

geometries by means of time-dependent DFT (TD-DFT) calculations, with the CAM-B3LYP functional58 and the 
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Def2-TZVP basis set. The UV-visible spectra were simulated from the computed TD-DFT transitions and their 

oscillator strengths by using GaussView,59 each transition being associated with a Gaussian function of half-height 

width equal to 1000 cm-1. 

 

Experimental details 

The synthesis of [PtAg20{S2P(OnPr)2}12] was performed according to previous report.43 Whereas crystals containing 

the C1-I isomer (P21/c space group) were obtained by diffusing n-hexane into dichloromethane solution at 

ambient temperature and contain solvated n-hexane molecules,43 those of the C3-I isomer (R3 space group) were 

grown in acetone at ambient temperature. A single crystal suitable for X-ray diffraction analysis was mounted on 

the tip of glass fiber coated in paratone oil, then frozen. Data were collected on a Bruker APEX II CCD 

diffractometer using graphite monochromated Mo Kα radiation (λ = 0.71073 Å) at 100 K. Absorption corrections 

for area detector were performed with SADAB60 and the integration of raw data frame was performed with 

SAINT.61 The structure was solved by direct methods and refined by least-squares against F2 using the SHELXL-

2018/3 package,62,63 incorporated in SHELXTL/PC V6.14.64 All non-hydrogen atoms were refined anisotropically. 

One of the propyl groups (C10-C12) was found disordered over two positions with equal occupancy.  

Crystallographic data are provided in Table S1. The structure reported herein has been deposited at the 

Cambridge Crystallographic Data Centre, CCDC no. 2091674. UV-visible absorption spectra were measured on a 

Perkin Elmer Lambda 750 spectrophotometer using quartz cells with path length of 1 cm. All samples were 

recorded at ambient temperature in 2-MeTHF as solvent.  

 

Energetic and structural results 

As said above, the three different structures so far characterized are strongly related.65. Not only they all possess a 

formally 8-electron centered icosahedral M13 core, but in all of them the 12 dichalcogenolate ligands are arranged 

in such a way that the 12  

metal atoms occupying icosahedral vertices are coordinated to one sulfur/selenium atom in a radial orientation 

and the 8 peripheral outer d10 centers are coordinated in a trigonal planar mode, making thus locally stable 16-

electron complexes. These d10 metals are capping icosahedral faces, but their interaction with the icosahedral 

core is weak41-48,52 (mainly of metallophilic nature). Assuming a homometallic [Ag21{E2P(OR)2}12]+ cluster in any of 

the three structures defined above, the substitution of any of the Ag atoms by one hetero-metal generates 

several positional isomers to calculate, the number of which becoming very large in the case of the structure of 

C1 symmetry. In order to reduce the number of structures to calculate, we have first computed the homometallic 

[Ag21{E2PH2}12]
+ (E = S, Se) in the three characterized structural types shown in Figures 1 and 2. We thus assume 

that the role played by the nature of R in the structural choice of the [Ag21{E2P(OR)2}12]
+ (E = S, Se) clusters and 

their alloys is negligible. This is, inter alia, supported by the fact that all the known diselenolato species adopt the 

same structure-type T, independently from the size and nature of R (Figure 1). Selected computed results are 

given in Table 1. The dithiolato species have their free energies lying in a range of less than 5 kcal/mol, whereas 

that of their diselenolato relatives range within less than 11 kcal/mol. In both cases, the C1  structure is the less 

stable. All the computed structures have related electronic structures, as exemplified by the nature of their 

HOMOs and LUMOs,41 HOMO-LUMO gaps and the NAO charges of the different types of Ag atoms (icosahedron 

center (Type I), icosahedron vertices (Type II) and outer capping Ag(I) centers (Type III)). Owing to the similarities 
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of the computed results for the three structures and their closeness in energy, we chose to focus on the two more 

stable and more symmetrical ones, namely T and C3. 

Substituting one of the Ag atoms in [Ag21(E2PH2)12]
+ by an hetero-metal M generates four and seven different 

[MAg20(E2PH2)12]
q positional isomers for the T and C3 structures, respectively, as illustrated in Figure 3. Note that, 

because of the substitution, most of these isomeric structures have a symmetry lower than that of their T or C3 

[Ag21(E2PH2)12]
+ progenitor. Thus, in the followings, the T and C3 labels will designate a structure type, rather than 

a symmetry group. 

The relative energies and HOMO-LUMO gaps of the most stable isomers of the [MAg20(E2PH2)12]
q systems derived 

from structure types T and C3 are given in Table 2. More detailed energetical results concerning all the isomers 

defined in Figure 3 are provided in Tables S2 and S3. Starting with the thiolato (E = S) series, one can see that the 

C3 structure type is always preferred over the T one, both in E and G, but in any case by less than ⁓6 kcal/mol. 

These results are in line with those obtained for the homometallic [Ag21{S2PH2}12]
+ cluster (see above). Moreover, 

except for M = Cd, the preferred substitution site (I, II or III) is the same for the T and C3 structures. When M 

belong to groups 9 and 10, there is a neat preference for type I, i.e., for M occupying the icosahedron center. This 

result is consistent with the X-ray structures of [{Pt@Ag20}{S2P(OnPr)2}12] 
43 and [{Pd@Ag20}{S2P(OnPr)2}12],

45 This 

preference for type I is stronger for group 9 that for group 10 metals and within each group, it is increasing when 

descending the triad (Table S2). Type I is also clearly preferred for M = Au and this is corroborated by the X-ray 

structure of [{Au@Ag20}{S2P(OiPr)2}12]
+.46 However,  this preference is somewhat less important than for M = Pt. 

With M = Cu, type III,   i.e., Cu occupying an outer capping position, is preferred. This is also the case of M = Zn. In 

the case of M = Cd, Types III and II are almost isoenergetic, whereas for M = Hg, type II, i.e., Hg occupying an 

icosahedron vertex, is preferred. 

Table 1. Selected results obtained for the [Ag21{E2PH2}12]
+
 (E = S, Se) models in the three experimentally characterized structural types 

discussed in the text. HOMO-LUMO gaps (H-L) in eV and relative total (E) and free (G) energies in kcal/mol. 

Cluster Symmetry H-L E G NAO charges 

[Ag21{S2(PH2)}12]
+
 

T 1.92 0.1 2.1 

center: -0.37 

icosahedron: +0.23 

outer capping: +0.63 (+0.61; +0.64) 

C3 1.77 0 0 

center: -0.41 

icosahedron: +0.23 (+0.21; +0.25) 

outer capping: +0.63 (+0.60; +0.64) 

C1 1.45 8.6 4.6 

center: -0.42 

icosahedron: +0.23 (+0.07; 0.30) 

outer capping: +0.63 (+0.61; +0.65) 

[Ag21{Se2(PH2)}12]
+
 

T 1.73 0 0 

center: -0.29 

icosahedron: +0.21 

outer capping: +0.58 (+0.56; +0.60) 

C3 1.52 4.6 0.2 

center: -0.34 

icosahedron: +0.21 (+0.18; 0.23) 

outer capping: +0.58 (+0.55; +0.59) 

C1 1.29 15.6 10.3 

center: -0.34 

icosahedron: +0.20 (+0.06; +0.29) 

outer capping: +0.58 (+0.57; 0.60) 
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Figure 3. The different isomers generated by substituting one Ag atom by one hetero-metal M in the T and C3 

structure types of [Ag21{E2P(OR)2}]
+. Color code: Ag, grey (centered icosahedron), green (outer capping); M; red. 

Ligand not shown. 

 

The selenolato (E = Se) series exhibits quite similar trends, with some small differences. In particular, the energy 

differences between structure-type T and C3 are even smaller than in the E = S case and T is slightly preferred over 

C3 in E, whereas the opposite situation occurs in G. One can simply note that all the [MAg20(Se2PH2)12]q X-ray 

structures determined so far adopt the T structure-type. The other slight differences with the thiolato series 

concerns the M = group 12 cases for which the energy differences between positional isomers are small. Zn 

balances between type II and type I and Cd and Hg slightly prefer type II. The so far known experimental 

structures of [MAg20(Se2PH2)12]
q species, namely that of [{Pt@Ag20}{Se2P(OnPr)2}12],

45 [{Au@Ag20}{Se2P(OEt)2}12]
+ 42 

and [Au@Ag20}{Se2P(OiPr)2}12]
+ 47 support our computed results. 

Finally, we would like to bring additional support to the fact that the C1 structure was not considered in the above 

calculations on alloys, based on the fact the three structural types of Figure 1 are very close in energy, 

independently from the nature of M, and do not impact on the positional choice of M on the alloy metal 

framework (I, II or III). It turns out that we just characterized the C3 structure of [{Pt@Ag20}{Se2P(OnPr)2}12], 

whereas the C1 structure of the same compound is already known (Figure 1).43 This is actually the first example of 

true isomerism (same R substituent) reported in the chemistry of silver or silver-rich nanoclusters. Both isomers 

are of type I, as predicted by the calculations. They were obtained from different crystallization conditions (see 

Experimental details). This new C3-I X-ray structure is shown in Figure 4 and has comparable metrical data to its 

C1-I isomer (see SI for more details). Calculations on the C3-I and C1-I isomers of the [PtAg20(E2PH2)12] model found 

an energy difference of 5.6 kcal/mol (C3-I more stable). This existence of true isomers underpins also the 

negligible role played by the nature of the R substituent on the preference for one of the structures of Figure 1 

over the others. 
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Discussion 

Table 2. Computed HOMO-LUMO gaps (H-L) (in eV) and relative total (E) and free (G) energies (in kcal/mol) of the most stable isomers 

of clusters [MAg20(L)12]
q  

(L = E2PH2) found for structure types T and C3, as defined in Fig. 3. 

 

E = S 

T C3 

Isomer H-L E G Isomer H-L E G 

group 9 

[CoAg20(L)12]
- 

T-I 1.46 3.3 4.7 C3-I 1.36 0.0 0.0 

[RhAg20(L)12]
-
 T-I 1.91 2.8 5.4 C3-I 1.73 0.0 0.0 

[IrAg20(L)12]
-
 T-I 2.04 4.2 6.0 C3-I 1.84 0.0 0.0 

 

group 10 

[NiAg20(L)12] T-I 1.82 1.4 4.1 C3-I 1.72 0.0 0.0 

[PdAg20(L)12] T-I 1.92 1.0 3.6 C3-I 1.81 0.0 0.0 

[PtAg20(L)12] T-I 2.04 1.8 4.3 C3-I 1.91 0.0 0.0 

 

group 11 
[CuAg20(L)12]

+ 
T-IIIa 1.90 4.7 1.6 C3-IIIc 1.75 0.0 0.0 

[AuAg20(L)12]
+
 T-I 2.03 0.4 2.1 C3-I 1.87 0.0 0.0 

 

group 12 

[ZnAg20(L)12]
2+ 

T-IIIb 1.69 5.8 6.4 C3-IIIa 1.50 0.0 0.0 

[CdAg20(L)12]
2+

 T-II 1.76 2.7 4.7 C3-IIIb 1.40 0.0 0.0 

[HgAg20(L)12]
2+ 

T-II 1.57 1.1 2.3 C3-IIb 1.58 0.0 0.0 
 

 

 

E = Se 

T C3 

Isomer H-L  E  G Isomer H-L  E  G 

group 9  

[CoAg20(L)12]
- 

T-I 1.75 0.0 2.0 C3-I 1.53 0.7 0.0 

[RhAg20(L)12]
-
 T-I 1.36 0.0 2.0 C3-I 1.23 0.7 0.0 

[IrAg20(L)12]
-
 T-I 1.86 0.0 2.5 C3-I 1.62 0.1 0.0 

 

group 10  

[NiAg20(L)12] T-I 1.69 0.0 0.9 C3-I 1.51 3.1 0.0 

[PdAg20(L)12] T-I 1.73 0.0 0.7 C3-I 1.54 3.3 0.0 

[PtAg20(L)12] T-I 1.83 0.0 0.8 C3-I 1.62 2.9 0.0 

 

group 11  
[CuAg20(L)12]

+ 
T-IIId 1.70 0.0 0.0 C3-IIIb 1.53 2.6 1.2 

[AuAg20(L)12]
+
 T-I 1.83 0.0 0.1 C3-I 1.59 4.3 0.0 

 

group 12  

[ZnAg20(L)12]
2+ 

T-I 1.78 0.0 2.3 C3-IIa 1.35 0.4 0.0 

[CdAg20(L)12]
2+

 T-II 1.61 0.0 0.0 C3-IIIa 1.27 3.1 1.0 

[HgAg20(L)12]
2+ 

T-II 1.45 0.0 5.3 C3-IIb 1.42 3.4 0.0 
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Assuming little energetic and bonding differences between structure-types T, C3 and C1, the major discriminant 

factor in the [MAg20(E2PH2)12]
q structural choice is between types I, II and III, as stated in Table 3, which 

summarizes in a condensed way the data of Tables 2, S2 and S3. There are several factors that interplay in the 

preference between the three types of sites for M, the first one coming to mind being the size effect. Trends 

related to size effect are in fact not so obvious to apprehend, except that a small M atom (such as Zn) 

encapsulated within an Ag12 icosahedron is likely not to be very favorable. Another factor is electronegativity. 

From this strict point of view, starting from an homometallic [Ag21(E2PH2)12]
+ cluster, and substituting one Ag atom 

by a more electronegative atom will favor the more electron-rich site, thus type I (see the NAO charges in Table 

1). Substituting Ag by a more electropositive atom will lead to the opposite choice, thus type III (see the NAO 

charges in Table 1). The preference for type III is also related to the ability for M, when in an oxidation state 

corresponding to the valence d10 configuration, to stabilize trigonal planar coordination. Au(I) or Hg(II), for 

example are more prone to di- rather tri-coordination. In any case, the likely most important parameter is the 

availability of the M valence d orbitals when encapsulated within the Ag13 icosahedron (structure-type I). Whereas 

the role played by the occupied valence d-type AOs of M is negligible in structure-types II and III, it can be 

different when structure-type I is considered. As recalled in the introduction, the superatomic electron 

configuration of the [Ag21(E2PH2)12]
+ nanoclusters is 1S2 1P6 1D0. The 1S, 1P and 1D superatomic orbitals are mainly 

combinations of the 4s(Ag) AOs (with some 4p(Ag) admixture). However, the “non-bonding” occupied valence d 

orbitals of the encapsulated M have the same symmetry as the vacant 1D orbitals, and can mix with them, 

resulting in a stabilizing effect.35 This effect is weak in the case of M = Ag, but can be stronger when M has valence 

d-orbitals that are more diffuse and/or higher in energy. This is reflected by the NAO valence d populations of M 

(Table 4) computed for the T-I structure-types. When M = Au or belongs to groups 9 and 10 (and especially with 

their heavier elements), lower d populations are found, indicating stronger valence d(M) bonding involvement, 

thus more favored type I structures.  The opposite effect occurs when M  = Cu or belongs to group 12. Such an 

effect has already been described when isoelectronically substituting by Os the central Au atom in the 8-electron 

superatom [Au13(dppe)5Cl2]3+,66 as well as in related doped Ag25 isoelectronic thiolato nanoclusters.40 

 

Table 3. M site occupation preference in the computed [MAg20(E2PH2)12]
q
 species. Values in parentheses are Pauling electronegativities 

Co (1.88) 

E = S, Se: I > III > II 

Ni (1.91) 

E = S, Se: I > III > II 

Cu (1.90) 

E = S, Se: III > I > II 

Zn (1.65) 

E = S, Se: III > I > II 

Rh (2.28) 

E = S, Se: I > III > II 

Pd (2.20) 

E = S, Se: I > II  III 
Ag (1.93) 

Cd (1.69) 

E = S, Se: II  III > I 

Ir (2.20) 

E = S: I > III > II 

E = Se: I > II  III 

Pt (2.28) 

E = S: I > II > III 

E = Se: I > II  III 

Au (2.54) 

E = S, Se: I > II > III 

Hg (2.00) 

E = S, Se: II > I > III 
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Figure 4. The C3-I X-ray molecular structure of [{Pt@Ag20}{Se2P(OnPr)2}12]. Left: Total structure with n-propoxy 

groups omitted for clarity. Right: Metal-framework. Color codes: orange, P; yellow, S; dark red, Pt; light blue, Agico; 

pink, Agcap: green. 

 Considering together both electronegativity and d-orbital effects allows understanding most of the results in 

Table 3. From these data it is also possible to reasonably predict the structure of polysubstituted species. For 

example, in the case of M = Au, the unique central site (type I) will be first occupied, then additional Au atoms will 

occupy icosahedron vertices (type II), as exemplified by the X-ray structure of [{Au@Au2Ag18}{Se2P(OiPr)2}12]
+.47 

The preference for outer capping positions for Cu (Type III) let to consider the theoretical limit number of 8 atoms 

in such positions. So far, up to 4 capping positions have been shown to be occupied by Cu in 

[{Ag@Ag16Cu4}{S2P(OiPr)2}12]+  and [{Au@Ag17Cu3}{S2P(OiPr)2}12].
48 The isoelectronic substitution of two Ag atoms 

by two Ni or two group 9 metals is likely to involve the central site (type I) and one of the capping sites (type III). 

The group 12 situation is less clear, but in any case it is likely not to involve the central site (type I). 

 With respect to their optical properties, all the computed species have their lowest absorption energies 

associated with 1P →1D transitions and it is possible to anticipate their variations with respect to the nature of M 

by looking at their HOMO-LUMO gaps (Table 2). In the case of the most symmetrical type T-I structure type, the 

1D level splits into two components (t and e) and the band of lowest energy is of 1P(t) 1D(t), nature, while the 

next one is of major 1P1D(e) character. The simulated spectra of the E = Se species having type T-I structure 

type favored are shown in Figure 5a-c. They show typical blue-shift upon M descending a column and less 

variation within a given period. The experimental spectra of the [M@Ag20{S2P(OnPr)2}12] (M = Ag, Au, Pt) clusters 

are reported in Figure 5c for comparison. Their λmax values are 496, 472 and 470 nm (low energy band) and 414, 

392 and 391 nm (high energy band) for M = Ag, Au, Pt, respectively.  The corresponding computed values for the 

models [MAg20{S2PH2}12] (M = Ag, Au, Pt) are 474, 447, 445 nm (low energy band) and (395, 376 and 370 nm (high 

energy band), respectively (Figure 5c). Thus, with a small blue-shift of  20 nm, the CAM-B3LYP-simulated spectra 

are in a very good agreement with their available experimental counterparts. 

 

Conclusions 

In summary, DFT calculations on 8-electron [MAg20(E2PH2)12]
q (E = S, Se) silver-rich nanoclusters indicate that if M 

= Au or belongs to Groups 9 or 10, M clearly prefers occupying the central encapsulated site (Type I). If M = Cu, 

Table 4. Valence d NAO populations of M in the 

[M@Ag20(E2PH2)12]
q
 clusters of type T-I. 

Co 9.43 Ni 9.73 Cu 9.97 Zn 10.0 

Rh 9.32 Pd 9.70 Ag 9.91 Cd 9.98 

Ir 9.37 Pt 9.75 Au 9.92 Hg 9.92 
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the outer capping positions, i.e. Cu(I) (type III), is favored. All the known alloy species containing Au, Pt, Pd and/or 

Cu41,43-48 follow our computed tends.  These results are broadly consistent with those previously obtained by DFT 

calculations on 8-electron [MAg24(SR)18]
q models that also contain a centered icosahedral core,35 and with most of 

the known X-ray structures of such species. 67-71 Although no [MAg20(E2PH2)12]
q alloy containing group 12 elements 

is known so far, our computed structures, HOMO-LUMO gaps, and bonding parameters suggest that such species 

should to be sufficiently stable for being isolated, with the preferred structure-type III, II/III and II for M = Zn, Cd 

and Hg, respectively. From the point of view of modulating optical properties, structure II, which impairs the 

superatomic core, would be particularly interesting to stabilize. Experimental attempts to synthesize such species 

are currently underway in our group. 

 

Figure 5. (a), (b) and (c): TD-DFT-simulated UV-vis spectra of the most stable isomers of the [M@Ag20(Se2PH2)12]
q
 8-electron species (T-I 

structure). (d) Experimental UV-vis spectra of [M@Ag20{S2P(O
n
Pr)2}12] (M = Ag, Au, Pt) in  2-MeTHF solvent. 
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